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Abstract 


The physical metallurgy of near-solidus intergranular cracking 
in Inconel 718 welds was investigated. The data, although incon- 
clusive, suggested at least two mechanisms which might explain 
intergranular cracking (mlcrofissuring) in the heat-affected zone of 
several high temperature alloys. One theory is based on the separation 
of intergranular liquid while the other involves mechanical failure of 
solid liguments surrounded by intergranular liquid. Both mechanisms 
concentrate strain in the grain boundaries resulting in low strain 
(<1%) Intergranular brittleness. The mechanisms reported herein might 
also pertain to the physical metallurgy of casting, powder metallurgy 
sintering and hot isostatlc pressing (HIP). 


Introduction 


The cracking and subsequent failure or rejection of weldmenta la 
the ceault of various causes. Those causes are primarily dependent on 
the welding procedure mid materials being welded. Two types of 
weldment failure in nickel-based alloys are solidification cracking and 
age cracking. Kicrofisauring is a solidification-type crack which , 
forms in tlm heat-affected aone (HA2) adjacent to the weld. These 
cracks are intergranular and often only one grain diameter in length. 

The present methods for eliminating mlcrof isauring are primarily 
procedural. Reduced welding speed and lower weld power both decrease 
mlcrofiasurlng tendencies. A small grain size is also beneficial. 

The process of finding metallurgical remedies to the tnlcrofissuring 
problem is hampered due to a lack of understanding concerning the 
metallurgy of the cracking process. Specific points of con tens ion 
concern the effect of chemistry, especially minor elements and 
impurities, the cracking process, and the physical metallurgy of the 
near solidus micros tr natures . 

Studies by Yaniscavich (1966)^, Owczarskl, et. al. (1966)- and 
Weiss et. al. (1970)^ utilised hot ductility tests to provide 
information on a material's susceptibility to mlcrofiasurlng. These 
investigations all reached different conclusions concerning the 
mechanism of microflssuring using this technique. A study by Savage 
et. al. (1976)*' , which examined the UA2 microstructure, arrived at 
still a different conclusion concerning the mechanism of microfissur- 
ing. A complete literature review on the subjects of solidification 



cracking, microfissuring, near solidus intergranular failure, and 
intergranular mechanical failure is presented In Appendix A. (This is 
an excerpt from progress report number // 5). It is obvious from 
reviewing this literature that the microfissuring phenomena cannot be 
understood until the physical metallurgy of the near solidus material 

t 

la better understood. 

The present microfissuring studies stem from research initiated by 
A. C. Nunes^ at NASA/Huntsville (Marshall Space Flight Center 
(MSFC)). Dr. Numes has calculated the temperature - strain response of 
the HAZ to a moving heat source. The heat source modeled the electron 
beam welding process so that the temperature - strain response of the 
HAZ could be represented by welding parameters. In order to predict 
when microfissuring would occur it was necessary to know the near 
solidus intergranular cracking behavior of Che HAZ material. The 
cracking behavior had to be known in terms of temperature and strain so 
that it could be correlated with the welding parameters. The 
identification of the near solidus incipient cracking behavior of IN 
718 was the objective of the present study. 

It is necessary to investigate the initial cracking stage, or 
incipient cracking, of a material in order to investigate microf issur- 
ing. The fracture event is too far removed from the incipient cracking 
event to be of conclusive value for all but a few special cases. A 
program to determine near solidus incipient cracking in Inconel 718 was 
begun in June, 1979 under an ASEE/NASA summer Faculty Research 
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Fellowship (contract; If NOT 01-008-021). The data genera by the above 
research necessitated further analysis and hence the present research 
pr^rorn. The information reported herin builds on the previous 
research; however, this report is written to be a self-contained 
document. The reader does not need the previous final report to 
appreciate the current analysis. > 

Experimental Procedure and Results 

The experimental plan was to plastically strain Inconel 718 at 
various temperatures near the material’s solidus temperature. The 
plastic strain was varied between that needed to cause fracture and the 
strain needed to initiate a few small cracks. This was done at several 
temperatures so that the degree of cracking could be plotted against 
the plastic strain for each temperature of interest. This plot was 
used to extrapolate the degree of cracking to the incipient cracking 
Strain. The incipient cracking strain thus obtained was plotted 
against temperature to give an incipient cracking envelop in 
strain- temperature coordinates. This plot can be used as a predictor 
of microfissuring when evaluated In conjunction with the Nunes analysis 
of HAZ strain and temperature. 

Uniaxial tensile tests of Inconel 718 were used to evaluate 
cracking as functions of strain and temperature. The specimen dimen- 
sions were 0.635 cm x 2.54 cm x 60.96 cm. These rectangular bars wv i re 
heated and strained in a vertical jacket furnace without a protective 
atmosphere. Table 1 gives information on the test temperature, maximum 
plastic strain, and whether or not failure occurred during straining. 
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A temperature profile along the specimen determined thou a 7.62 cm zone 
of uniform maximum temperature existed along the specimen length. This 
zone was used Cor ana Lysis of cracking tendencies at various maximum 
temperatures. Plastic strain was measured by a series of indentations 
which were measured before and after straining. One consequence of 
this strain measuring technique was to give strain at discrete 
locations ns opposed to homogenious material strain. This becomes a 
source of discussion when analyzing the data. Thu measurement of 
strain marks was made with a machinist's microscope. Typical plots of 
plastic strain along the specimen length are given in Figure 1. 

Cracking data was gathered by metallographically observing the 
centerline cross-section of the tensile specimen. By examining 
successive layers of the specimen cross-section it was determined that 
cracking originated at the centerline and that the centerline also 
contained the largest cracks. The centerline section of each specimen 
was polished and etched lightly to open the cracks and delineate the 
grain boundaries. All cracks were measured using a belts metallograph 
with micrometer eye piece. Ati arbitrary cracking parameter (N c ) was 
measured for each specimen by taking the length (L c ) times the width 
(W c ) of each crack and summing over all the cracks. 


N 


x 

V* 

i“! 


(L W ) 
c c 


(Note; cracks with a width smaller than Q.Q01 Filar units were too 
small to measure and arbitrarily given a value of 0.001.) 

* 




Typical plots of ctaaking along the specimen arc shown In Figure 1. 
(Each crack number given in Figure 1 is the sum of nil cracks over a 4 
nun distance*) The extrapolation to the incipient cracking strain is 
shown for all specimens in Figure 2. The incipient cracking envelop as 
functions of temperature and strain is shown in Figure 3. 




Discussion 


The primary function of the present study was to quantify the 
incipient intergranular cracking behavior of Inconel 718. Figure 3 
does this within the limitations of the experimental procedure. The 
greatest of these limitations was imposed by the strain measurement 
technique. The strain measurements were sensitive to local crack 
opening displacements as evidenced by Figure 1. The discreteness of 
the strain measurement marks proved a disadvantage since large crack 
opening displacements caused considerable scatter in the strain data. 
This is analogous to comparing the strain in the necked-down region of 
a tensile specimen to the strain in the unnecked region of the same 
specimen. This problem is manifested in the extrapolation to incipient 
cracking strain. A method is presently being considered which might 
enable the crack-opening displacement contribution to strain to be 
eliminated. The crack widths will also be normalized to a single value 
so that the data might be re-evaluated . 

Due to the scatter in the strain data, the curve/curves of Figure 
3 present some ambiguity in interpretation. Figure 3 may be taken to 
show a single, smooth c-curve indicative of a single cracking 
mechanism, or, it might be taken to show a double nofie characteristic 
of two competing crack mechanisms. It seems appropriate now to discuss 
these possible interpretations of Figure 3 and provide supporting 
evidence. 

Assume Figure 3 represents a single-nosed c-curve. Also consider 
Figure 4, which shows the plastic strain at failure as a function of 
temperature for Inconel 718. There are three distinct regions which 
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ara labeled single intergranular crack growth, multiple Intergranular 
crack growth and crack closure. Thu transition from crack closure to 
multiple crack growth appears to coincide with the Initial loss of 
ductility as the test temperature increases. The transition from 
multiple crack growth to single crock growth appear? to coincide with 
the complete Iobs of ductility. The apparent dependence of the grain , 
boundary cracking mode on temperature could reflect micros tructural 
changes over this temperature range. For Instance, the fracture 
surface of specimens fractured at 2350"F gave an obvious indication of 
bulk solidus melting (Figure 5). The fracture surface at 2200°F also 
gave some indication that intergranular liquid was present at fracture 
(Figure 6). X£ this were interpreted similar to Yeniacavich, then the 
transition to single crack growth would correspond to complete grain 
boundary melting. The region of multiple crack growth, at temperatures 
between crack closure and single crack growth, would correspond to 
various degrees of partial grain boundary melting (Figure 7). In terms 
of Figure 3, there would be a single mechanism of cracking. The 
mechanism would be one of Increased grain boundary wetting by 
intergranular liquid. The minimum In incipient cracking strain would 
correspond to complete grain boundary wetting by a very thin liquid 
layer. The temperature at which this thin liquid layer forms would be 
slightly below the bulk solidus of the material. The incipient 
cracking strain would actually increase as bulk-melting begins because 
the liquid is allowed to flow under strain. This flowing behavior was 
seen at fracture temperatures of 2330°F. Figure 8 shows a typical 
change in cross-section when this occurs. 
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Aaauma now that; Figure 3 shows a double nosed Bet ot c-curves. 
two cracking mechanisms must be Formulated to explain this situation! 
the moat convenient mechanisms are a purely mechanical cracking 
mechanism lor the low temperature c-curve and a grain boundary melting 
mechanism for the higher temperature c-curve . The author finds this 
situation more difficult to .accept. The mechanical cracking mechanism 
would have to account for the change in mechanical cracking mode which 
occurs at thu transition from intergranular crack closure to multiple 
intergranular cracking. The two mechanisms model would also have to 
account for the temperature of transition from mechanism one to 
mechanism two . 

It Ls planned in the near future to examine the fracture surfaces 
of the specimens in the multiple-crack growth region. If indications 
of intergranular liquid could be found on these fracture surfaces it 
would support a single cracking mechanism, i.o.* a single-nosed c-curve 
for Figure 3. 
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Conclusions 

1. the titrain measurement technique used in the present study is, by 
itself, inadequate for characterizing the plastic strain suffered 
during tensile testing* A better approach would be the present 
technique used in conjunction with techniques which average the 
strain over a larger gage section. 

2. The near solidus intergranular cracking behavior of Inconel 718 
exhibits several distinct phases. These are intergranular crack 
closure at approximately 120 J C below the bulk solidus, multiple 
intergranular crack growth between 90 °C and 40°C below the bulk 
solidus, single Intergranular crack growth 40 D C below the bulk 
solidus, and fluid i'iuw at and above the bulk solidus. 

3. Thu mechanism of HAZ microfiasuring is not conclusively defined in 
the present program. 

4. The incipient cracking strains presented in this paper should be 
reserved for Inconel 718 material with an ASTM grain also of // 2 to 
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APPENDIX A 
Literature Review 


These are presently at least three mechanisms proposed to explain HAZ 
microfissuring and each would require a different method of metallur- 
gical control. None of the three proposed mechanisms has conclusive 
experimental evidence either to support it or to disprove the others. 

The research program proposed herein would provide evidence of a conclu- 
sive nature on the role of Intergranular liquid ou HAZ uiicrofissuring. 

The program results could then be used to identify solutions to the 
raicrofissuring problem. 

4.0 Literature Review - HAZ Microfissuring 

4.1 Hot Ductility Tests (Cleeble) 

4.11 The hot ductility test is used to evaluate HAZ microcracking. It 
involves high strain race fracture at temperatures up to the bulk 
solidus of the material. A thermal cycle i3 imposed on the metal to 
simulate the HAZ of a given welding process.^ »■* The metal is fractured . 
at a predetermined point in the thermal cycle to test the mechanical 
response oi the HAZ microstructure. A typical result of such testing^ 
is given in Figure 2. 

4.L2 An area of controversy exists in explaining the rapid loss of 

ductility well below the bulk solidus temperature. Another area of 

debate exists in explaining the nil^-ductility temperature. There is, 

however, good agreement that the nil-strength temperature corresponds to 

bulk intergranular melting at the solidus. There is also a good correl- 

6 7 

ation between hot ductility data and sensitivity to HAZ microfissuring. 

Vet , there is no way of knowing what part of the hot ductility curve 

l 3 

corresponds to HAZ microfissuring. Estimates ’ qf the maximum strain 
suffered by the HAZ are approximately L %. This would indicate that the 
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incipient crack, must form at or below about strain. This value or" 
scram does not correspond directly to ho» ductility fracture strain 
beruuso the fracture teat La not necessarily an accurate Indicutoc of 
Incipient cracking. teat* a on inelpimiu cracking** mirier conditions 
approaching equilibrium do provide Homo inflight on the relationship 
between hot ductility tests and mlcrofiaaurtng, These testa (figure 3) 
indicate that at strains of 1%, Incipient cracks do not form until the * 
material approaches! the nil-ductility temperature. 

4 . 2 Thuo r ien of N1 1 -Due ti ll tv 

4.21 Weiss, Orotko and Stickler'** studied the hot ductility response 

of Inconel 600. they suggested that tho rapid heating of grain boundary 
pcarlpitatas suppressed diffusion, resulting Ln precipitate wilting . 

They further suggested that the. liquid immediatuly wet the boundary. 

The liquid tiim thickness was envisioned to increase with temperature 

o n 

from 20A .it the initial loss In ductility to 5QQA. at the nil-ductility 

temperature. 

4.22 Yeuis ravish'’ found good correlation between hot ductility 
behavior and UAJ5 micro fissurlng. He suggested chat nil-ductility was 
initiated by low melting grain boundary films . These films were 
suggested to bo eutectics formed by high concentrations of elements such 

g 1A..1 O 

as sulfur in the grain boundaries. ’ This molten eutectic was 

believed to exist as low as 300° F below tho bulk solidus of the metal* 
Tim intergranular melting was envisioned to begin at isolated positions 
thus causing Initial loss of ductility. The ductility decreased with 
temperature as the liquid spread until nil-ductility resulted due to 
excessive gram houndary wetting. 
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4.23 Owczarskl 13 and Duvall and Qwczarskl 6 suggested that a 
liquid Intergranular film was not necessary for HAZ microfissurlng. 

They suggested that the initial loss in ductility was caused by a change 
in deformation mode from transgranular to intergranular fracture.* They 

^Whether or not the initial loss in ductility coincides 
with the onset of intergranular fracture is open to debate. 

The authors^jlO disagree on this point. 

l 

in turn suggested that HAZ microfissurlng could occur by a solid state 
deformation mechanism. Although these authors^ observed intergranular 
precipitate melting in a number of alloys, they did not find that the 
melting necessarily corresponded to HAZ microfissurlng. 

4.24 A summary of the literature gives the following theories for HAZ 
microfissurlng as interpreted from hot ductility tests: 

1. Eutectic melting of the grain boundaries due to elements 
such as sulfur. 

2. Liquid grain boundary films due to the melting of inter- 
granular precipitates. 

3. Solid-state deformation concentrated in the grain boundaries 
such as grain boundary sliding. 

Note: More recent works by Savage and Nippes with 

Miller, 14 Szekeries-^ and Goodwin^ have also addressed 
HAZ microfissuring. These studies involved constitutional 
liquation of sulfide inclusions and unidentified spherical 
inclusions, eutectic melting of grain boundaries, grain boundary 
liquid distribution, and the effect of liquid-solid surface 
tension on grain boundary wetting. None of this work, however, 
was done in the spirit of the hot ductility test upon which the 
present proposal is based. It is hoped that the proposed 
research will contribute to the interpretation of the above 
studies and help reLate their results to previous and future 
works . 

4 .3 Hoc Tensile Test 

4.31 This author2*3 evaluated the incipient intergranular crack- 
ing behavior of Inconel 718. The study was designed to determine the 
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incipient cracking behavior as a function of both total plastic strain and 
temperature. During these tests, a fracture curve (figures 2 and 3) was 
generated similar to the hot ductility curve. Unlike the hot ductility 
test where an exacting thermal cycle is imposed on the metal, the hoc 
tensile test allowed the metal to approach equilibrium. This was done 
by a slow heat-up followed by holding the specimen at a predetermined 

/ 

temperature for approximately five minutes before fracture. It is 
apparent that Inconel 718 exhibits all the characteristics of the hot 
ductility test even when given a long heat-up and soak time at the frac- 
ture temperature. This suggests that the rapid thermal cycling, as used 
in the hot ductility test, may not be as critical to evaluating HAZ 
microfissuring as currently believed. 

5.0 Literature Review - Analysis of Theories 

5.1 If HAZ microfissuring occurs due to partial or complete melting of 
grain boundaries regions, then it can be considered as a type of solidi- 
fication cracking. Several of the theories associated with solidifica- 
tion cracking in welds and castings are helpful in interpreting HAZ 
microfissuring due to grain boundary liquation. A primary consideration 

in theories of soiidif icatior. cracking is the distribution of the liquid 
17-19 

phase. Since these theories concern deformation above the bulk 

solidus of the metal, Lt would be imprudent to extend them directly to 
HAZ microfissuring which is thought to occur below the bulk solidus. 
However, the following analogies seem appropriate and of some value in 
understanding hot grain boundary failure near the solidus. Bear In mind 
that, theories of sub-soiidus and super-solidus cracking dif fer primarily 
in the volume of liquid present in the grain boundaries. 
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5*2 Yanis cavish * postulated that liquid was partitioned on the grain 
boundaries and gradually wet the boundary as the temperature approached 
thn bulk solidus* Much work 1 ^’ 2 * 5 has been done on the distribution of 
intergranular liquid pertaining to solidification crocking. Smifch^ 0 
showed that interfncial energies should control the measurable dihedral 
angle (0) according to: 


Y Sl/ Y b " ** coy 0//2 


where Yg^ is the solid-liquid surface tension and Y^ is the grain 

m 

boundary surface tension. Smith and Williams- 1 showed chat the dis- 
tribution of liquid on the grain faces was dependent on Yg^/Yp and 
co cm lu table to 0. The dihedral angle hns been shown to correlate with 
cracking-^* and be a function of temperature, ** stress, “ ’ “ and 
trace elements. 23 The studies of liquid distribution lend credence 
to Ycniscavish's model of increased intergranular wetting by a liquid 
phase with increasing temperature* Uowevec, experimental evidence to 
support thu eutectic melting of grain boundary regions is open to 
question. Thi3 theory could be disproved if it could be shown that 
initial bulk solidus melting, at Che grain boundary, did not: completely 
wet the boundary. 

5.3 Weiss, et al.^ postulated that constitutional liquation of 

intergranular precipitates resulted in immediate wetting of the grain 

boundary. The resulting grain boundary film was expected to increase in 

29-32 

volume with increasing temperature. Several studies of soiidifica- 

29 

cion cracking have involved film stage analysis. Saveiko “ postulated 
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that the thickness of the film was directly related to the film strength 
In a manner similar to Weiss et al.^ Experimental evidence 
supports Intergranular precipitate melting in the HAZ. However, there 
ia not conclusive experimental evidence to support complete wetting of 
the grain boundaries by initial precipitate melting. Nor is there any 
evidence to explain why this film thickness should grow with Increasing 

t 

temperature below the bulk solidus. Dihedral angle measurements should 
differentiate if melted precipitates wet the boundary or remain 
isolated. 

13 

5.4 Owczarski has suggested that HAZ microfissuring results from 

solid-state deformation initiated by the transition from transgranular 

to intergranular failure. This is suggestive of the equieohesive 

temperature developed by Jeffries*^ T h e mac hanlstic cause of the 

equieohesive temperature is ill-defined. It appears that studies 

involving hot creep rupture offer better models from which to evaluate 

34,35 

HAZ microcracking due to solid-3tate deformation. Ashby has 

developed a method of expressing deformation processes, accommodation 
processes, and typical engineering tests on a deformation map as a 
function of stress, strain rate, grain size, and temperature. The hot 
ductility test would fall in a region of power-law creep controlled by 
lattice diffusion. Other active mechanisms would be grain boundary 
sliding and dynamic recrystallization. The deformation maps presented 
by Ashby are not all inclusive. Consideration must also be given to 
grain boundary sliding mechanisms described by Glfkins*^ and grain 
boundary dislocation mechanisms discussed by Hirth-^. 
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5.5 It it: ware possible to eliminate intergranular liquid theories of 
UAZ ralcrof insuring by dihedral angle studies, than attention would be 
directed toward determining the active deformation mode in hot ductility 
fasts. However, because of the evidence for intergranular precipitate 
melting, the intergranular liquid theories should be investigated first. 

6.0 A New Theory of UAZ Microtiasuring * 

6.1 None of thu present theories for HAZ ralcrocraeking give an accepta- 
ble description of hot ductility behavior just below the bulk solidus. 
These theories do have their strong points and by combining them a new 
theory can be presented. 

6.2 Experimental evidence shows that intergranular precipitates melt In 

the UAZ. It is postulated that the initial molting of those intergranu- 
lar precipitates corresponds to the initial decrease in ductility during 
the hot ductility test. The initial melting in characterised by a large 
dihedral angle (0 > 90°). As the temperature of the test Is increased, 
the dihedral angle of the melted precipitates increases as shown for 
other systems (90°>e> This ^ oau xts in a gradual loss of 

ductility as the temperature increases. The nil-ductility temperature 
is characterized by complete or near complete grain boundary wetting 

(0 » 0) (Figure 4). 

6.5 The proposed model could help explain several characteristics of 
the hot ductility test and HAS microfissuring, The various suscepti- 
bilities; of different alloys to UAZ microfissuring could be explained by 
the Influence of bulk and/or precipitate chemistry on the balance of 
surface tensions . (The balance of surface tensions controls the 
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TABLE l 

Hot Tensile Data 


Specimen Test 

Temperature 


Maximum 
Strain (% £p) 


Number of Cracks 
Large Medium Small 


7 

6*. 1 2 3 4 5 * 

83 

l s »** 

20 

22 

13 
18 
19 

14 
16 
17 


9 

15 

10 

21 

11 

l 2 Z 


2000 

2000 

2100 

2100 

2100 

2100 

2150 

2150 

2150 

2175 

2175 

2175 

2175 

2200 

2200 

2200 

2300 

2350 

2350 

2350 


40 % 
10 % 
45 % 
17 * 
5 % 
1.4% 
26 % 
4 . 5 % 
1.9% 
11 % 
5.6% 
4 % 
1.7% 
0 % 
3 % 
0.7% 
0 % 
4.3% 
3 % 
? 


non-fracture 

non-fracture 

non-fracture 

non-fracture 

non-fracture 

non-fracture 

Fracture 

non-fracture 
non- fracture 
Fracture 

non-fracture 

non-fracture 

nan-fracture 

Fracture 

Fracture 

Fracture 

Fracture 

Fracture 

Fracture 

Fracture 


1. cross head displacement rate - 2 Inches/minute 

2. fracture occurred 2 inches from nearest strain mark 

3. small cracks found •nside grains resulting from grain 
boundary migration 

4. metallography for cracks not performed due to difference 
in strain rate 

5. cross head displacement rate - 0.5 inches/minute 
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Figure *5. fracture surface of specimen factured at IJObC 
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Figure 6. Fracture surface of specimen factured at 1190C. 
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Figure 7. A schematic of partial grain boundary Wettln 
of temperature. 


ng as a function 



Original cross-section 

Cross-section after tensile strain at 1205C 


Figure 8. A schematic of change in cross-section due to fluid flow 
during tensile testing at 1205C, 



